This paper presents the recent development in the research and implementation of structural health monitoring systems for long span bridges in China. Following a brief review on the long span bridge projects in recent years and main deterioration and defects problems of existing bridges, the paper puts the focus on the review of the following three aspects: the implementation of structural health monitoring system for long span bridges, the advanced sensing, transmission, and system integration technologies, and the novel signal processing and condition assessment techniques. Finally, the issues on the future research and implementation of structural health monitoring system are discussed.
INTRODUCTION
In recent years, number of long span bridges are completed or under construction in the mainland and Hongkong of China. Many of these bridges have been installed with structural health monitoring systems (SHMS). This paper reviews recent research and implementation of SHMS for long span bridges in China.
(1) Long span bridge projects in recent years 1 
),2)
In 1980's, as a preparation stage, number of cablestayed bridges with span length less than 300 m were built in China. At the beginning of 1990's, Nanpu Bridge in Shanghai (Fig. 1 ) became a milestone, it brought a high tide of building long span bridges in China. Until the completion of Runyang Bridge (S) over Yangtze River (Fig. 2) in 2004, with a main span of 1 490 m, more than 100 long span bridges have been constructed in China. Table 1, Table 2 and Table 3 list the long span (> 400 m) cable-stayed bridges, suspension bridges and arch bridges (Fig. 3) recently completed or under construction in China.
(2) Operation conditions of bridges
The importance of operation condition, namely the safety, durability and serviceability of long span bridges in China has drawn the attention of bridge management authorities and engineers. The research group of Tongji University has been carrying out field inspections on several bridges with the support of the China National Council of Science and Technology 3) , and has discovered some problems related to the deterioration and defects of existing bridges in the following 3 aspects:
a) Corrosion and rupture of steel wires in stay cables or PC cables
Steel wires of cable strands were corroded or even ruptured in some cable-stayed bridges. The most serious case of steel wire rupture is Haiyin Bridge in Guangzhou 4) , where one of the stay cables broke suddenly in 1995 (Fig. 4) . Another accident was the fall down of the center span of Tian Zuang Tai Bridge 5) in Liaoning Province in 2004 due to the broken of PC tendons even though the bridge span is short (Fig. 5) .
b) Local defects
Concrete cracks were the most significant local defects observed, which frequently occured in girders or towers of bridges. Recently, it was reported that serious fatigue cracks have been found at steel slabs of some bridges. 
c) Deterioration of non-structural components
Non-structural components such as pavement, expansion joints, rainpipes etc. were heavily damaged. For example, Jiangyin Bridge, opened in 1999, where the pavement was replaced in 2003 due to the damage caused by overloading trucks.
These problems for bridges in operation can be ascribed to excess construction speed, imperfection of design code and unexpected increasing of traffic, under the background of rapid economic growth. Hence, it is significant to consider a SHMS for newly constructed long span bridges. 
SHMS FOR LONG SPAN BRIDGES (1) Objectives of SHMS
Generally, the primary objectives of the development of SHMS for long span bridges are as follows: (1) To obtain comprehensive knowledge on the performance of a bridge, which is further used for assessing the structural safety, durability and serviceability; (2) To validate design assumptions and design loads, and to provide data for consummating the design code; and (3) To provide support for decision making on maintenance, repairs and management of bridge structures.
It is desired that a SHMS for bridges has the following functions: (1) Environmental conditions and physical and geometrical states (stress and deformation) of a bridge as well as mechanical behaviors of its key components can be monitored automatically in a real-time way. Also, the monitored data can be collected, stored and inquired according to requirement; (2) Structural condition can be tracked and abnormity of a bridge can be alarmed; (3) Static and dynamic safety, durability and serviceability of a bridge can be assessed and structural novelty can be identified; and (4) Data and graphs can be transmitted to specified parties.
The monitoring items are considered mainly based on the mechanical properties and the structural characteristics as well as the environmental condition of the bridge site. Consequently, the geometrical state and the static and dynamic responses of the bridge as well as the environmental and traffic conditions are determined to be monitored in SHMS. It is noted that the continuity and period of signal acquisition are different for various monitoring items. In general, the geometrical state and the static responses are monitored in a periodic fashion, while the structural dynamic responses and the environmental and traffic conditions are monitored continuously.
Bridge monitoring systems have been installed in some long span bridges in China and also around the world. However, it should be noted that current monitoring system by itself is far from the desired goal of lifecycle cost reduction. Existing instrumental techniques are limited, which makes it impossible to monitor all the critical regions in a structure related to the deterioration and safety of bridges. On the other hand, there still exists a gap between the measured data, though may be enormous in volume, and the condition and health assessment of bridges. Future attention should be focused on how to obtain information really concerning the deterioration and safety of structure and on how to use various information to improve the lifecycle performance of long span bridges.
(2) Implementation of SHMS As show in Table 4 , about 40 bridges in mainland and Hongkong of China 6),7),8),9),10),11),12),13) have been installed or will be installed with a SHMS, and most of them were implemented after 2000. During the first stage, the SHMS installed to the bridges in China were simple systems with limited number of sensors. After several years of operation of the system, some of them were upgrated according to the requirements of bridge management authorities. Recently, design and implementation of SHMS for a new bridge seems becoming a common practice. Almost all of long span bridges in China will have a SHMS.
The SHMS's lately designed or implemented represent the following trends: (1) Generally, a SHMS for a long span bridge consists of more than 50 sensors, and it takes about 0.2-2.0% of the total construction cost of the bridge; (2) Design concept of SHMS more emphasizes on the function to support maintenance and management of the bridge; (3) Durability of SHMS itself is concerned, and sensors and other hardwares are required to be replaceable and data can be continuously recorded when replacing hardwares; (4) Sensoring and data transmiting technologies that are not mature are prone to be rejected by bridge owners; (5) Some SHMS's are combined with monitoring system for construction control; and (6) Structural condition accessment are emphasized, and bridge engineering experts group as one of users of SHMS is included in the management personnel.
RESEARCH AND DEVELOPMENT OF SENSING, TRANSMISSION AND SYS-TEM INTEGRATION TECHNOLOGY
Some advanced sensing technologies, such as the fiber bragg grating (FBG) technology, the global positioning system (GPS) technology, the fatigue gauge, the electromagnetic (EM) sensor, and the acoustic emission (AE) technology, attract special attention recently in the mainland of China. The system integration technologies are also been investigated. This section gives a general review, which reflects the progress of sensing, transmission, and system integration technologies in China.
(1) Fiber optic sensors a) Research and development of FBG sensor
The research and development on FBG technology for civil engineering structures in China are mainly carried out by Wuhan University of Technology, Nankai University, Tsinghua University, Harbin Institute of Technology, and Shanghai Institute of Optics and Fine Mechanics. Research topics include wavelength modulating method, encapsulation of FBG sensors, and adaptability of FBG when used for bridge structures.
For example, Zhao et al. 14) in 1996 experimentally used fiber optic sensors to detect internal stress of concrete structures. They embedded an optical fiber sensor in a concrete structure, the relationship between the optical fiber measurement and the internal state of concrete structure under compression and bending was investigated. The results showed that the embedded fiber optic sensing could monitor the internal stress state of concrete structure and the crack growth of concrete materials. Sun R. J. (2005) 15) evaluated the performance for FBG sensor, and the applicability of FBG in bridge structures was illustrated. Some new types of sensors based on FBG technology were developed, for example, Sun R. J. (2006) 16) developed an accelerometer for vibration measurement of bridges (Fig. 7) .
b) Application of FBG sensors
In China, FBG sensors were first used in dam structures. In 2001, the stresses of a crane girder in a workshop building of Baoshan Steel Corperation in Shanghai were measured by installing more than 200 FBG sensors 17) . It was reported that the performance of FGB sensors were better than traditional strain sensors. In 2002, Shenzhen Civic Center, a large span space structure, were monitored by FBG sensors. The system included 350 sensors in total for monitoring strains and temperatures of the steel components. In 2003, FBG sensors were adopted to monitor the strain variations of Lupu bridges in Shanghai. In SHMS u.c. Stonecutters of Donghai Bridge (Table 4) , the FBG sensor techniques were used to measure the temperatures and strain of substructures from construction phase to operation phase.
As the maturation of FBG sensor technology, monitoring systems on infrastructures in China prefer to adopt this new technology. The design and installation specification for FBG sensors are also under discussion.
(2) GPS
GPS is a suitable technique for geometry monitoring of long span bridges. In recent years, some long span bridges have adopted GPS techniques in China 18), 19) . Humen Bridge in Guangdong province, a suspension bridge with a span of 888 m, is the first long span bridge using GPS (Fig. 8) . Traditional deformation measurement techniques are difficult to be used because of the long distance between the measured point to the reference point. The GPS sensors were also installed on the Tsing Ma Bridge, Kap Shui Mun Bridge and the Ting Kau Bridge in Hong Kong, as well as on Donghai Bridge, Sutong Bridge in the mainland China.
(3) Fatigue Sensor
Fatigue gauge can record the cycles of strain variation in steel specimens and automatically give an index related to fatigue damage magnitude. In SHMS of Donghai Bridge, fatigue sensors (Fig. 9) were developed based on the technique from aerospace industry. The strain level can be mechanically amplified for measurement by the sensor 20) .
(4) EM Sensor
In 2004, Sun, B. N. 21) used the magnetoelastic (EM) sensors to monitor the tensile force of suspenders of 4th Qianjing Bridge (arch bridge). OVM Corp. developed an EM system for monitoring staycable or hanger systems.
(5) AE Sensor
Even though acoustic emission (AE) techniques have been reported to be used for monitoring main cables of suspension bridges, the research on damage identification technique based on AE signals are still lacking. Jin 22) reported the preliminary investigation, and the AE signals recorded from experiments for various pattern of material damage were analyzed using a wave propagation model and wavelet techniques.
(6) Wireless Sensing Network
Shi and Shao 23) developed a wireless sensing technology for low-frequency accelerometers based on the public wireless network. Each sensor can be connected to Internet through a General Packet Radio Service (GPRS) module. The real-time monitoring can be realized using these sensors. The operation parameters, such as sampling frequency, gain of amplifier, and frequency range of filter can be set remotely. The signals from various channels are synchronized by using a GPS clock. Therefore, multi-channels vibration measurement can be realized by using these wireless sensors in the area where the mobile communication network covered.
(7) System integration and network design
Dan 24) discussed the system integration schemes for intelligent health monitoring system of a civil/bridge structure. Li 8) studied the key technology and design method of a wireless sensing network for large-scale SHM. The frame and components of the system were proposed and tested in the laboratory. The wireless sensor network system for SHM was designed and constructed. The main works carried out included that: a novel system for large structure health monitoing was proposed based on wireless sensor network (WSN) technology; a data processing laboratory prototype was designed and developed based on the "Berkeley Mote" platform; a remoted data acquisition system was proposed based on the useage of the WSN and internet technology; a dynamic displacement monitoring system for bridge was developed to integrate the GPS technology, wireless system, high precise measurement engineering and data processing technology.
THEORETICAL DEVELOPMENTS
As SHM is fundamentally a statistical pattern recognition process (Fig. 10) , which involves three steps, data collection, signal processing, and condition assessment, the recent theoretical development in China is reviewed in these three aspects as follows.
(1) Data collection
Data collection is the first step in a SHMS. It involves determining the types and quantities of the sensors, the locations of the sensors, the types of data acquisition, storage and transmission hardware, and the data sampling frequency. Depending on the details of different cases, this step is really application oriented. For example, in some cases it may be adequate to collect data immediately after an extreme event. In some other cases, the data collections will be automatically performed every several hours to meet the requirement of long-term monitoring. As the novel sensing and data acquisition technologies are reviewed as a seperate topic, this section will focus on the recent development on optimal sensor placement. Cui et al. 25) offered a brief review on the optimal sensor placement algorithms. Based on the review, a methodology is provided for optimally placing sensors for a SHMS. The method starts with a small intuition set of measurement points. By making the mode shapes of interest as linearly independent as possible and making the measured kinetic energy optimizated, a reasonable additional set is figured out and the initial set is checked. Finally, by using the sensitivity analysis and Fisher information matrix, a more suitable set of sensor location can be determined for the monitoring of the critical parts of the bridge. Li et al. 26) presented a technique to determine how to optimally place sensors for SHM system. Taking Tsing Ma Bridge as an example and using the genetic algorithms (GAs), they discussed the optimal placement of sensors on suspension bridges for the detection of accumulated damage. Liu et al. 27) proposed a method to optimize sensor locations for structural damage assessment based on the sensitivity study of mode shapes about structural stiffness changes. In terms of the contribution of the degree-offreedoms (DOFs), Fisher information matrix can be Fig.10 Flowchart of the signal-oriented SHM decomposed corresponding to each DOF. Each DOF is added to or subtracted from the sensor candidate set by calculated trace of every decomposed Fisher information matrix. The incomplete modes yielded from these optimized sensor locations are used to localize structural damage. Zuo et al. 28) compared several sensor placement techniques and concluded that the most applicable strategy in a SHM system is to empirically place the sensors according to the bridge style. Taking the off-diagonal element of Modal Assurance Criterion (MAC) matrix as the target function, Liu and Huang 29) proposed to obtain the optimal sensor locations by the reduced method. In addition, it is recommended that both the optimal result and economic benefit should be considered in sensor placement. Yu and Sun 30) proposed to conduct structural vulnerability analysis during the process of determining sensor placement scheme for structural health monitoring. Based on a numerical study on the main navigation channel bridge of the Donghai Bridge, they suggested that sensors should be mounted on the components whose damage will induce unproportional structural damage as a priority.
(2) Signal processing
The extraction of discriminate condition indices from the SHM signal using some advanced signal processing tools is the step that receives much research attention in the SHM process. The kernel of this step is to process the SHM signal to extract some meaningful condition indices. The condensation ratio of a signal processing technique is very important because it will be advantageous and necessary particularly if comparisons of many data sets over the lifetime of the structure are envisioned. Because the data are generally acquired from a structure over an extended period and in an operational environment, robust signal processing techniques must retain sensitivity of the chosen indices to the structural changes of interest on the presence of environmental noise. In this section, some novel signal processing tools and the recent developed condition index are reviewed as follows.
a) Signal processing techniques Time domain techniques
Since the SHM measurements are generally the time domain data, the techniques to extract useful features in this domain will induce no information loss and attract much attention. Liu et al. 31 ) offered a review on time domain modal analysis. In the paper the main time domain modal analysis methods are summarized. These methods are the stochastic subspace identification technique, the eigensystem realization algorithm, and the Prony technique. The important points for developing and application of time domain modal analysis are pointed out and the analysis re-sults of time domain and frequency domain in an example are compared. In accordance with the example, the main advantages of time domain modal analysis are without the knowledge of excitation force, and simultaneous identification of multi modes which are distributed crowdedly together. Fan et al. 32) proposed an improved stochastic subspace identification technique for online condition monitoring and system evaluation. Based on the characteristics of stochastic subspace modal parameters identification method and the demands to parameter identification phase by condition evaluating work with online data acquisition system, a recursive approach creating Toeplitz matrix is proposed to decrease overlapped computation and shorten computation time. Satisfactory real-time property is shown in an application of the approach to process real world data from a monitoring system of Hong Kong Ting Kau Bridge under typhoon weather.
Frequency domain techniques
After performing the Fourier Ttransform, the time domain signals can be transferred into the frequency domain as power spectra density function. Often these spectra densities are normalized by spectra of the measured force input. Some standard modal analysis procedures can then be applied to estimate the modal properties. Fan et al. 33) proposed an output only signal processing technique for bridge condition monitoring. In order to use the method online, a frequency domain system identification method, complex mode indicator function (CMIF) algorithm which is much easier to run automatically, is used to estimate modal parameters. The algorithm in this paper is verified by the field data from Ting Kau Bridge in Hong Kong. The results show that the method is reliable and useful in the bridge monitoring system design. Dan and Sun 34) derived a frequency domain multi-reference modal identification method based on the cross power spectra of the acceleration response under the unknown excitations. By applying it to the ASCE SHM benchmark problem, aided by the frequency average method, a good identification precision may be attained by this method.
Time-frequency analysis
In contrast to the Fourier analysis, the timefrequency analysis can be used to analyze any nonstationary events localized in time domain. The generally used time-frequency analysis tools are the short time Fourier transform (STFT), the Wigner-Vill (WV) transform, the wavelet transform (WT), and the Hilbert-Huang transform (HHT). Xu et al. 35) developed two schemes of time-frequency representations for the identification of the time-varying frequency of a single-degree-of -freedom system with changing stiffness. The STFT and the WV distribution are adopted. The simulated results indicated that those two tools are very effective for identifying timevarying modal parameters.
The amount of literature that uses the wavelet transform for damage detection is abundant. Li et al. 36) made use of the multi-resolution characteristics provided by the WT for structural damage assessment. For a three-story RC frame model, it is found that obvious abrupt peak can be observed on the WT coefficient of the response measured at the damaged stories. Li and Suzuki 37) conducted the shaking table tests on a two-story wooden building and analyzed the experimental data using the WT. The results show that the WT can trace and detect the frequency degradation due to the structural damage. Ren et al. 38) analyzed the displacement of the damaged simplelysupported beam under sudden force and observed that the damage location can be estimated by the maximum of wavelet coefficients. Sun et al. 39) developed a WT based sub-structural identification technique for structural damage assessment. An experimental study on a three-story frame verified that the estimated element-level stiffness vector can be directly used for damage localization and quantification.
The Hilbert-Huang Transform is a novel data analysis technique and also receives much attention recently. Luo and Shi 40) applied the HHT method to make spectra analysis of seismic waves. The results verified that the HHT is an efficient method for the analysis of non-stationary data. Li et al. 41) studied the possibility of using the HHT to detect the damages in civil engineering structures. Based on the results of a simulation study, they concluded that the damage information could be extracted from the measured response using this method and the health conditions about the structure could be monitored reliably. Shi et al. 42) applied the HHT in structural damage detection by disposing model vibration table test data of Shenzhen commercial edifice. They concluded that the HHT based method can acutely determine natural frequency change under the different intensity of earthquake, and the Hilbert damping spectra can qualitatively display the evolution of damping loss factor during the period of earthquake.
b) Condition index Basic modal parameters
The most common indices that are used in the vibration-based SHM are the common modal properties (resonant frequencies, damping ratios, and modeshape vectors). Liu et al. 43) reported an application of modal test in the damage identification of an old bridge in Guangzhou and verified that structural damage will induce the reduction of structural resonant frequencies. Zhang et al. 44) proposed to use the frequency graphs of the natural frequency to detect the occurrence and location of fault in concrete structure. Two natural frequencies of concrete cantilever beam in different situations are simulated with the finite el-ement program developed by Matlab. Results show that the damage parts of structure are identified by the graphs of frequency effectively and this approach could be used in practice.
Although the damping ratio also varies when damage occurs, its applications in damage assessment are quite few.
Damage assessment using mode shape vectors generally involves analyzing differences between the measured mode shape vectors before and after damage. Mode shape vectors are spatially distributed quantities; therefore, they provide information that can be used to locate damage. Wan et al. 45) presented the change ratio of the first order mode shape as the indicator for structure damage assessment. A numerical study on a cantilever beam verified its applicability and feasibility on the identification of the location and severity of a structural damage. Concerning that the displacement mode shape vector is insensitive to damage, some researchers proposed to use the stain mode shape vector as a replacement. Zhou and Shen 46) studied the theoretical principle and the technique of making use of the strain mode shape for structural damage assessment. From the test and analysis of concrete frames, it is verified that strain mode shape is more sensitive than displacement mode shape to damage in structures. Gu and Ding 47) applied a strain modal test to diagnose the position and degree of structural damage. Based on the test results of model beam in plaster, it is concluded that strain modes are very sensitive to non-node damage. The main constraint of this type of technique is large number of measurement locations are required to accurately characterize mode shape vectors and provide sufficient resolution for determining the damage location.
Dynamically measured structural parameters
Changes in the dynamically measured structural parameters (such as stiffness matrix, flexibility matrix and damping matrix) have also been used as damage sensitive indices. Among them, the most frequently used is the flexibility matrix. The flexibility matrix is defined as the inverse of the static stiffness matrix and relates the applied static force to the resulting structural displacement. Tang et al. 48) presented a methodology to localize the damage in structures only using the post-damage flexibility curvature. The damage location in structures can be identified without baseline modal parameters. The simulated cantilever beam and simply supported beam examples show that damage in structures can be detected with satisfactory precision using only a few of the lower frequency modes. Ju et al. 49) presented a method to diagnosis structural damage and fault using measured flexibility matrices. Using this method, the structural damage can be directly identified due to the linear relationship between the elements of flexibility matrix and the parameters of structural members. The flexibility method is very appealing for its less demand for modal parameters.
Structural fingerprint response
Structural fingerprint responses can be used as signature to represent structural systems and are regarded as a class of condition indices. Commonly used fingerprint responses include: (i) the time domain impulse response function (IRF); (ii) the frequency domain spectrum or power spectrum; and (iii) the frequency response function (FRF), which is a ratio between the response frequency spectrum (output) and the force frequency spectrum (input). Besides that, Sun and Chang 50) proposed a novel timefrequency domain condition index, wavelet packet signature (WPS), for the SHM purpose. The numerical study on a 5DOF system verified that this index is very damage-sensitive and noise-insensitive.
Other index
In addition to the condition indices mentioned above, some other indices also show their potential for damage assessment. Zong et al. 51) proposed to use the modal energy transfer ratios (ETR) as a parameter for bridge damage detection. A dynamic test on a 1:6 down scaled model highway-bridge was conducted in the lab and the ETR index is adopted to determine the damage location. The results show that ETR is a very sensitive damage signature for bearing damage and girder crack. It is more sensitive than the generally used resonant frequencies and damping ratios.
(3) Damage assessment methods
Damaged condition classification is another hot research focus in the SHM process. The main problem of this process is to find a classifier that is smart enough to distinguish whether index variability is due to structural physical condition change or due to normal measurement variations and then make a correct decision. The simplest classifier is to directly check the change of the measured indices (such as flexibility matrix and mode shape curvature) and then to predict damage location or severity directly 52) . However, this kind of classifier is not always effective, especially for several kinds of indices (such as natural frequency and structural impulse response function). Hence, more powerful classifier is required. In this section, a review of damage assessment methods based on the dependency of analytical models is performed.
a) Model-dependent methods
According to the basic philosophy behind, the model-dependent damage assessment methods can be split into two categories: the methods based on inverse mapping techniques and the methods using artificial intelligent techniques.
Inverse mapping methods
Although the forward mapping from structural physical state (mass matrix, stiffness matrix and damping matrix) to condition index is normally derivable, the closed-form formula for inverse mapping is generally unavailable, especially for those structural systems with a large amount of DOFs. Liu et al. 31) theoretically deduced the relationship between structural eigen-frequency and damage location. On this basis, a new method of damage positioning is presented based on the change inspection of multiple orders of modal frequencies calculation results. It shows good effect when applying the method on a real steel beam. Due to the difficulty in finding the closed form inverse mapping relationship, some researchers proposed to adopt sensitivity algorithms to solve the inverse problem. The problem is firstly approximated as a linear mapping from condition index residuals to structural physical parameter (normally stiffness of every element in a FEM model) perturbations according to the first-order Taylor series and the unknown changes in the structural physical parameters can be determined by either inverse derivation or constrained optimization. Li and Liu 53) presented a sensitivity analysis based structural damage identification methods. The method was proposed to locate the damage in beams. An illustrative example was given and the results verified the efficiency of the proposed method.
Optimal matrix updating techniques that seek to determine the system property matrices, such as the stiffness matrix, using the measured data are also used to find the inverse solution for structural damage assessment. These methods solve the inverse problem by forming a constrained optimization problem based on the structural equations of motion, the nominal model, and the measured data. Damage can then be detected, located and quantified by directly checking the difference between the updated matrices with the original matrices. Zhang et al. 54) proposed a damage detection technique for highway bridges based on the finite element model updating. Taking the analytical model of the structure under healthy state as the baseline, they proposed an iterative matrix norm minimization technique for the updating purpose. The updated variation of the stiffness matrix is regarded as due to damage. A numerical study on a cantilever beam verified the feasibility of the proposed technique.
Artificial intelligent techniques based damage assessment
With the fast development of the artificial intelligent techniques, their applications in SHM attract more and more research attention. Among these techniques, the neural network (NN) classifier is the most popular tool for many applications 55),56),57),58),59) . It owns both pattern matching and function mapping capability and is very powerful for SHM decisionmaking. The research focus is to reduce the computation complexity, improve the anti-interference capability and increase the learning efficiency. Sun et al. 60) presented a NN based technique for the damage localization of the deck of the cable-stayed Kap Shui Mun Bridge. Two kinds of networks, dynamic network and generic algorithm (GA) network, are investigated. Jiang et al. 59) compared the performance of three probabilistic neural network (PNN) models on the detection of the damage location in a suspension bridge and proposed to use the principal component analysis PNN as it can shorten the training time and reduce the model size.
The fuzzy inference system, the fuzzy-NN classifier, and the fuzzy expert system are the second class of artificial intelligence (AI) based decision-making tools. Wang et al. 61) used the fuzzy theory to create comprehensive fuzzy system to assess bridge service property and set up an expert system for bridge assessment. Liu and Yuan 62) presented an approach for safety assessment of long-span concrete-filled tube arch bridge based on fuzzy-neural network. Dan and Sun 34) developed a recognition technology based on Mamdani fuzzy inference system for the SHM purpose. The recognition result shows that the technology developed in this paper takes a good prospect on building a SHM system based on language description.
Besides that, the genetic algorithms 63) , the support vector machine 33) are also used for the SHM purpose.
b) Model-free methods
Due to the difficulty of analytical modeling and model updating, model-free methods attract more and more research attention recently. In this section, the most recent research developments on this topic are reviewed. The methods will be classified into two classes according to different levels of damage assessment that can be achieved.
Model free damage occurrence detection methods
The general procedure to detect structural damage in a model free way is to directly check the difference between the measured index and the baseline index or lump the difference into a quantity. If the change is greater than a preset threshold value, the damage alarming is produced. To determine the threshold value, different statistical models are adopted. Zhang 44) derived a probability-based measure, damage possibility, for structural novelty detection and damage localization. As illustrated in the case study on a 3-span-girder numerical model, the proposed approach is promising for online structural health monitoring. Sun and Chang 64) proposed a statistical wavelet based technique for structural degradation monitoring. Thresholds for damage alarming are established using the statistical properties and the one-sided confidence limit of the damage indicators from successive measurements.
Model free damage localization methods
To locate structural damage in a model free way, multiple sensors are required to evaluate the influence of damage to the responses at different position of the structure and mode shape function is a normal basis for further operation. Chang and Sun 65) proposed to locate and quantify structural damage using spatial WPS. By checking the change of the spatial WPS curvature between the baseline intact beam and the damaged beam, the damage can be spatially located. Chen and Yu 52) used the changes in curvature mode shape to locate bridge damage. No analytical model is required to provide the baseline information. The baseline information can be obtained from the vibration test performed on the intact bridge.
ISSUES IN FUTURE STUDIES
The research topics related to structural health monitoring have become the hottest research area in civil engineering in China, since management and maintenance of infrastructures will gradually turn into the main societal demands after a construction rush of the country. The National Science Foundation of China has determined the structural health monitoring as one of the mostly supported research fields. The Chinese Ministry of Transportation and Communication has established several research projects aiming at the inspection, monitoring and maintenance of bridges. In the middle-long-term layout of the national science and technology research and development of China, which is issued by the Ministry of Science and Technology of China, the maintenance of infrastructures is emphasized and the financial support of the country will favor this area. The China Civil Engineering Society is establishing a special committee for structural health monitoring and maintenance to integrate and enhance the research and implementation of the related topics.
In the authors' opinion, more efforts have to be put into the following issues in the future: (1) Design concept of SHMS implementation for a bridge has to be carefully considered. Generally, the cost of a SHMS will take about 0.2-2.0% of the total of construction cost of a bridge. The installation of SHMS will definitenly support the maintenance and management of the bridge. (2) Vulnerability analysis of whole bridge system is necessary for the design of SHMS. The structural components that are easily to be damaged in the sense of causing safety, durability or serviceability problems of structures should be identified. (3) Deformation measurement technology for long span bridges is lacking. The precision of GPS is not satisfied and the equipment is still expensive.
(4) Cable corrosion inspection and protection is a very important issue for the cable-stayed bridges and PC bridges. (5) Fatigue sensing technology should be developed for monitoring the fatigue problems of steel bridge girders subjected to heavy traffic loads. (6) Wireless sensing and data transmission are arrestive technologies. SHMS can be greatly improved with the development of these technologies. (7) Durability of sensing and data transmission system is concerned seriously by bridge management authorities. Design lifetime for large span bridge is longer than 50 years even to 100 years. Therefore, a SHMS with comparative durability is required. Hardware with longer lifetime should be developed and the replacement of sensors and other hardware should be considered during the system design. (8) System integration is important for implementation of SHMS. The compatibility and optimization of system should be investigated. (9) Evaluation and assessment of structures based on SHMS still have a lot of unsolved research topics. With abundant monitoring data accumulated from the existing SHMS's for several years, many Chinese researchers are making great efforts to explore practice ways for structural evaluation. (10) Design guideline or specification of SHMS has not been established yet in China.
